Abstract-Grid connected unity power factor converters based on one cycle control (OCC) does not require the service of PLL or any other synchronization circuits for getting interfaced with the utility. As a result, these schemes are becoming more and more popular. However, as the power level handled by the converter increases, there is a marked deterioration in the power factor. To understand the cause of poor power factor while negotiating highpower loads quantitatively, mathematical models for these schemes are developed. After having understood the cause for poor power factor operation by studying the models developed, a modified OCC based converter has been proposed. The proposed scheme does not have the problem of poor power factor operation while negotiating high power loads. Detailed simulation studies are carried out to confirm the viability of the scheme.
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I. INTRODUCTION
Traditionally diode or thyristor bridge rectifiers are generally employed to obtain dc voltage output from ac power supply. These rectifiers pollute the utility with low-order harmonics, which are difficult to filter. Pulse Width Modulated (PWM) converters are used to overcome this problem. They shift the frequency of the dominant harmonics to a higher value so that, these harmonics can be eliminated by employing a small passive filter [1] . The PWM bi-directional converter delivers a near sinusoidal input current while providing a regulated output DC voltage, and can operate in the first and second quadrant of the voltage-current plane [2] .
Generally the control structure of a three-phase six switch PWM boost converter consists of an inner current control loop and an outer voltage control loop [2] [3] [4] [5] [6] . The current controller senses the input current and compares it with a sinusoidal current reference. In order to obtain the sinusoidal current reference, the phase information of the utility voltages or V _C V S current is required. This is generally obtained by employing PLL (or current phase observer digital technique) [7] [8] [9] . Presence of the PLL reduces the robustness of controller. Grid connected converters based on one cycle control (OCC) do not require the service of PLL or zero crossing detectors to synchronize with the grid and can be designed to supply power at power factors near to unity. Hence these schemes are becoming more and more popular [3] [4] [5] 10] . In these schemes the switching devices are operated with a constant switching frequency, which is an added advantage for medium and high power applications. However, schemes based on OCC exhibit instability in operation, when the converter is lightly loaded. [11] . Moreover OCC based converters cannot operate in inverting mode while negotiating active type of loads. In order to overcome the problem of stability at light loads and inverting mode of operation a modified OCC based scheme has been proposed in [11] and [12] . But all the aforementioned schemes based on OCC, under certain load conditions, make the converter operate at considerably low power factors and this problem becomes prominent at lower switching frequencies. First, the reason for low power factor operation of OCC based converters, under certain load conditions are brought out through detailed analytical and simulation studies. Once the cause for low power factor operation has been understood objectively, a modified one-cycle controller for single-phase full bridge and three-phase six-switch boost bidirectional converter is proposed, which enables the converters to operate at constant power factor even if the load varies over a wide range. Detailed analytical studies followed by exhaustive simulation studies are carried out to confirm the viability of the scheme.
II. ONE CYCLE CONTROLLED CONVERTERS
The schematic power circuit diagrams of single-phase full bridge and three-phase six-switch boost bi-directional converters are shown in Fig. 1 and 2 . The basic working principle of OCC based single phase converter, shown in Fig.  3 , is described in detail in [13] . For the sake of completeness, it is briefly described over here. The dc link capacitor voltage is sensed and compared with a reference, and the error is compensated by the PI controller to produce a reference signal (Vm). A sawtooth waveform whose peak to peak value is two times that of the reference signal (2Vm) is generated.
The frequency of the sawtooth waveform is set by a free running clock whose frequency is equal to the switching frequency of the semiconductor devices. The controller senses the source current, is from the grid and is compared with the sawtooth waveform, whose magnitude depends upon the power that is fed from ac side to the dc side. At every rising edge of the clock pulse Sland S2 are turned ON and inductor current which is equal to the source current increases. The rising slope of source current, k1 is given by, k1 = (Vc+vs)/L, (1) where vs is utility voltage, Vc is dc link capacitor voltage and L is the magnitude of the boost inductor. When the source current becomes equal to the sawtooth waveform, S1 and S2 are turned off and S3 and S4 are turned on. The source current falls with a slope k2, which is given by,
It has been shown in [13] that the peak value of current in each switching cycle is given by,
where Rs is the gain of the source current sensor . It can be inferred from (3) that source current is proportional to the . Control scheme for Single phase One cycle controlled converter [ 13] source voltage and is in phase with the source voltage. Approximate magnitude of power handled by the converter is given by,
Vc R where V, is the rms value of source voltage.
Three phase scheme which is shown in Fig. 4 also works in similar lines and is explained in detail in [10] , however for the sake of brevity; it has not been repeated here. It can be shown that source currents in three phases ia, ib and ic is proportional to va, vb and vc respectively. Therefore, ia = (V. *v,)1(2 *Vc) 5 and, power handled by the three phase converter is given by 3V2V VphVm (6) 2VcR, where Vph is the rms value of each phase voltage. It can be concluded from (3) and (5) that the source current and voltages are in phase, but it holds good only under the assumption that the average voltage across the inductor in every switching cycle is zero.
Converter based on the aforementioned scheme is unstable during light load operation and can be realized only as a rectifier [11] . To overcome this limitation, a modified scheme is proposed in [12] . Converter utilizing this technique is stable at light loads and power flow can be bidirectional. The cost that has to be paid over and above the earlier scheme is the need of extra voltage sensor(s) for sensing utility voltages. Table 1 . Here the performance of the basic OCC based converter having the control structure of Fig. 3 is considered.
III. MATHEMATICAL MODELS FOR OCC BASED CONVERTERS
A. Single phase case The problem of poor power factor operation of OCC based converters while negotiating heavy loads has not yet been quantitatively assessed and hence, mathematical models of converters based on various OCC based schemes are developed. The models give the trajectory of the peak value of source current drawn by the converter in each switching cycle. The control circuit, shown in Fig. 3 , turns on Sland S2 for duration of tl when source current is less than the sawtooth waveform so that the current will rise with slope kl. Current falls with slope k2, during t2, when the source current is higher than the sawtooth waveform (S3 and S4 on). Fig. 7 shows the sawtooth being compared with source current, is in nth and (n+I)th switching cycles. In denotes the peak value of current in the nth switching cycle and In denotes the magnitude of current at the end of nth switching cycle. From Fig. 7 . (10), (11) and (12) while substituting for kl, k2 and k3 from (1), (2) and (9) (7) and In+ = I + kltl =V V-k3tl (8) where k3 is the slope of the falling edge of the sawtooth waveform and is given by k3= Vm(I -2t/T,) (9) where Ts is the switching time period. Using (7) and (8) [12] 1s= VC + jLoj V (15) Equation (15) gives the trajectory of the peak of the source current and it can be modeled as shown in Fig. 8 . From the circuit model shown in Fig. 8 Fig. 9 shows the intersection of the sawtooth waveform with the three phase currents drawn at a particular switching cycle, wherein ia> ib> ic. The duration for which ia, ib and ic are less than the sawtooth waveform is t1 while t4 is the duration for which ia, ib and ic are greater than the sawtooth waveform.
The duration for which only ia is greater than the sawtooth is t2 while t3 is the duration for which only ic is less than the sawtooth. The slope of the source currents of each phase n (where n is a, b or c) for the time durations ti, t2, t3 and t4 are listed in Table- Fig. 10 . From the circuit model it can be inferred that if cwL is small compared to 2Vm, the converter operates at unity power factor. As power handled by the converter increases, [12] C. Single phase case For the scheme proposed in [11] and [12] , the sum of the source current, is and the pseudo current, ip(=Kpvs) is compared with a sawtooth waveform in order to generate the switching pulses which is shown in Fig. 11 Fig. 12 Mathematical model for the single phase modified OCC converter [12] Equation (26) gives the trajectory of the peak of the source current and it can be modeled as shown in Fig. 12 . D. Three phase case The figure of intersection of the sum of phase currents and the pseudo currents, ip= Kpvs and the sawtooth waveform, similar to that given in Fig. 9 Based on (31) the converter can be modeled as shown in Fig.  13 . From models shown in Fig. 12 and Fig. 13 , it can be again V inferred that if K C< 1, the converter operates in rectifying V mode and if K c> 1, the converter operates in the inverting mode. Further, when the converter is operating in the rectifying mode the power factor of the system deteriorates as the magnitude of Vm increases. And this occurs when the power negotiated by the converter increases. But the reverse is true when the converter is operating in the inverting mode.
V. PROPOSED SCHEME From the study of mathematical models of the aforementioned schemes, it can be inferred that the magnitude of the sawtooth waveform generated by the control loop decides the power level and power factor. Larger the power Fig. 13 Mathematical model for the three phase modified OCC converter [12] vc is ,S3 S4
Fig. 14 Proposed control scheme for OCC based unity power factor single phase converter level, more is the amplitude of the sawtooth waveform and hence lower is the power factor of the system. Hence if by some means the amplitude of the sawtooth waveform is kept small and is maintained constant throughout the operating range of power to be handled by the converter, power factor of the system can be maintained high. Models shown in Fig. 12 and Fig. 13 suggest that power level can be changed without affecting Vm if Kp is varied. The variation in Kp leads to the variation in power level by altering the magnitude of pseudo current, ip. Based on these observations a new control scheme which makes the power factor of OCC based converter high and independent of the power negotiated by the system, is proposed. The schematic control block diagram of the proposed scheme for the single phase converter is shown in Fig. 14. The dc link capacitor voltage is sensed and compared with the reference voltage. The error so generated is fed to a PI controller. The output of the PI controller is used to generate Kp. The signal, Kp is then multiplied with source voltage to produce the pseudo current, i, This pseudo current, i, is then added to the source current, is. The sum of the pseudo current and the source current, (ip + is) is then compared with the sawtooth waveform. Unlike in the earlier schemes utilizing OCC, the amplitude of the sawtooth waveform is maintained to be constant and of lower magnitude so that power factor of the system does not get affected. The frequency of the sawtooth is set by a free running clock. At the rising edge instants of every clock pulse Sland S2 are turned ON. When the sum, (ip + is) becomes equal to the sawtooth waveform, S1 and S2 are turned off and S3 and S4 are turned on. The frequency of the clock sets the switching frequency for the semiconductor devices. The controller for the three phase case is shown in Fig. 15 and its philosophy of operation remains almost similar to that of the single phase version. The output of the PI controller is multiplied with individual phase voltages to generate pseudo currents for the individual phases. These pseudo currents are then added with the corresponding phase currents. The three signals so generated are compared with a common sawtooth waveform of constant magnitude. The frequency of the sawtooth is set by a free running clock. At the rising edge instants of each clock pulse S2, S4and S6 are turned ON. When the sum of each phase current and the pseudo current becomes equal to the sawtooth waveform Sn is turned off and Sm is turned on. The subscript n stands for 2, 4, and 6 and m stands for 1, 3 and 5 for a-phase, b-phase and c-phase currents respectively.
VI. SIMULATION RESULTS
Single phase and three phase converters working in all the above mentioned schemes and the proposed scheme are numerically simulated using matlab simulink and there performances are compared. The results of the simulation of a three-phase rectifier utilizing the basic OCC based scheme [10] and the proposed scheme are given in Table 3 . The maximum power handled by the converter is considered to be 100 kW and switching frequency is 2 kHz. The inductor value is chosen so that the THD when delivering 100 kW of power is 5%. The value of inductance required is found to be 2.2 mH Fig. 16 shows the performance of the converter working with proposed control scheme. The load is abruptly changed from 30% to its full load value. The variation of phase-A voltage, phase-A current and dc link voltage are shown in the figure.
The simulated performance of a three-phase converter working on modified OCC based scheme [12] shown in Fig. 17 and the proposed scheme are given in Table 4 . The maximum power to be handled by the converter is considered to be 100 kW and switching frequency is 3 kHz. The inductor value is chosen so that the THD when delivering 100 kW of power is 5%. The value of inductance turns out to be 2.5 mH. Fig. 17 shows the steady state and transient performance of the bidirectional converter working with proposed control scheme. TABLE 3 PERFORMANCE COMPARISON OF THE PROPOSED SCHEME WITH THE EARLIER SCHEME PRESENTED IN [10] Power Power factor Scheme given in [10] (Fig. 4 The load is abruptly changed from inverter mode (60% load) to rectifier (80% load). The variation of phase-A voltage, phase-A current and dc link voltage are also shown. It can be inferred from the simulated behaviors (Table 3 and Table 4 ) that the operating power factor of the proposed scheme is high and is independent of the magnitude of the load negotiated by the converter. Moreover, the transient performance of the proposed scheme is quite satisfactory and the converter can seamlessly transfer its state from rectifying mode to inverting mode.
VII. CONCLUSIONS
Grid connected converters based on one cycle control (OCC), when designed for medium and high power applications with low switching frequencies, deviate from unity power factor operation under certain load conditions. In this paper this behavior of these converters is quantitatively established by developing mathematical models. Once the cause for low power factor operation is understood by studying the mathematical models developed, a new modified OCC based converter for both single phase and three phase applications is proposed. The operating power factor of the proposed scheme is high and is independent of the magnitude of load handled by the converter. Moreover, it can operate in bi-directional mode without exhibiting any zones of instability in current. The validity of the proposed scheme is established through detailed numerical simulations.
